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ABSTRACT: Interleukin-1 Receptor-Associated Kinase 4 (IRAK4) is a key mediator of innate immunity. IRAK4 overactivation is 
linked with several autoimmune diseases. To date, many IRAK4 inhibitors have been developed to block the protein’s kinase activity 
with the most advanced reaching Phase II clinical trials. Nevertheless, several reports suggest kinase activity is not disease-relevant 
in certain cell types, so removing scaffolding signalling in addition to IRAK4 kinase activity may offer a better therapeutic outcome. 
Herein we describe the design and synthesis of an IRAK4 Proteolysis Targeted Chimera (PROTAC). We show that IRAK4 
degradation induced by compound 9 leads to the inhibition of multiple cytokines in PBMCs. However, in IL-1 stimulated human 
dermal fibroblasts, inhibition of IL-6 and TNF- release was not observed despite IRAK4 degradation.  Nonetheless, the possibility 
of targeting both IRAK4 kinase and scaffolding function could potentially lead to new therapeutic opportunities to treat autoimmune, 
inflammatory and oncological diseases.

Introduction  Interleukin-1 Receptor-Associated Kinase 4 
(IRAK4) belongs to a family of four kinases (IRAK4, IRAK1, 
IRAK2 and IRAK-M). IRAK4 is a serine/threonine kinase that 
is involved in transduction pathways stimulated by the Toll-like 
receptors (TLRs) and the Interleukin-1 (IL-1) family of 
receptors.1, 2 Recognition of foreign pathogens and 
inflammatory signals by these receptors promotes IRAK4 
binding to the adapter protein myeloid differentiation primary 
response gene (88) (MyD88) resulting in IRAK4 activation that 
in turn leads to the production of pro-inflammatory cytokines 
via the NF pathway.3 IRAK4 deficiency or loss of function 
has been reported to increase susceptibility to several pathogens 
whilst kinase activation has been linked with various 
autoimmune diseases such as systemic lupus erythematosus, 
psoriasis, rheumatoid arthritis and cancer.4, 5 Interestingly, 
IRAK4 regulation of downstream processes has been mainly 
associated with its kinase function, however several reports 
have indicated a non-kinase function for IRAK4 in several cell 
types.4, 6 Cushing et al showed that pharmacological inhibition 
of IRAK4 did not result in IL-6 and TNF- inhibition despite 
IRAK4 phosphorylation levels being reduced in IL-1β 
stimulated human dermal fibroblasts.7 In support of these 
observations, IRAK4 deficient fibroblasts versus wild-type 
cells show IRAK4 scaffolding functions were important for IL-
1 signaling but that its kinase role was redundant.6 Chiang and 
co-workers showed that IRAK4 kinase activity was dispensable 
in human B and T cells, dendritic and monocytic cells, whereas 
genetic ablation by siRNA demonstrated a scaffolding role for 
IRAK4 in these cells.4 In addition, IRAK4 knockout mice show 
profound impaired cellular responses to IL-1, IL-8 and TLRs 
ligands.8  Together, these data indicate that the development of 

strategies to remove IRAK4 protein could offer an attractive 
therapeutic opportunity for diverse disease indications.

Multiple potent and selective inhibitors of IRAK4 have been 
reported in the literature targeting autoimmune, inflammatory and 
oncological diseases.8, 9 To date, three molecules have reached 
clinical trials with the most advanced being the isoquinoline ligand 
PF-06650833 (Fig. 1).10 However, inhibiting IRAK4 kinase 
activity alone may not be sufficient to produce a therapeutic effect 
due to the role of IRAK4 as both a scaffolding protein as well as an 
active kinase.

Figure 1. Co-crystal structure of PF-06650833 with IRAK4 kinase 
domain showing solvent exposed vector at 4-position of 
isoquinoline core (PDB 5UIU).
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The heterobifunctional molecules referred to as proteolysis 
targeting chimeras (PROTACs), were identified as promoters 
of cellular protein degradation in 2001.11,12 PROTACs contain 
one moiety that binds an E3 ligase and another that binds a 
desired cellular target protein of interest. PROTAC-induced 
proximity results in ubiquitination of the target followed by its 
degradation by the proteasome. One of the key differences of a 
PROTAC over an inhibitor is that by removing all protein 
function, there is the potential to achieve more profound 
pharmacology than by inhibiting a functional binding site.13 
Herein, we describe the design and development of PROTACs 
that induce the degradation of IRAK4. 

Results and Discussion We evolved a synthetic strategy for 
PROTAC design that facilitated variations in both E3 ligase 
ligands and linker properties and allowed rapid assessment of 
the degradation profiles of PROTAC analogues. To prepare 
IRAK4 degrader compounds, we chose to incorporate a 
chemical template related to PF-06650833 that was known to 
potently bind the IRAK4 kinase domain,10 and to attach this to 
either a Von Hippel Lindau (VHL) E3 ligase ligand, a Cereblon 
(CRBN) E3 ligase ligand, or a ligand to the Inhibitor of 
Apoptosis (IAP) E3 ligases. Three separate E3 ligases were 
employed, as engagement of a given ligase does not always 
translate into functional degradation.14 Using published crystal 
structures of IRAK4 in complex with kinase inhibitors, we were 
able to perform small molecule docking studies to predict the 
best position to attach our linkers such that critical binding 
interactions with the target were not disrupted. Based on our 
modelling, we initially evaluated two flexible twelve atom 
linkers as this was predicted to be sufficient length to exit the 
IRAK4 binding site, and in an initial survey of the potential 
physicochemical space, we chose the hydrophilic polylethylene 
glycol (PEG) as well as the hydrophobic all-carbon chain (Fig. 
2a).15, 16

The six heterobifunctional compounds were then assayed to 
confirm retention of IRAK4 kinase domain binding, as well as 
selectivity versus the closely related IRAK1 protein (Fig. 2b).17 
Gratifyingly, all compounds tested maintained affinity and 
selectivity for IRAK4, with the assay variability confounded by 
poor physicochemical properties.

The ability of these PROTACs to reduce IRAK4 protein levels 
was then tested in peripheral blood mononuclear cells 
(PBMCs). The carbon linked VHL PROTAC (compound 3) 
induced 50% degradation at 3 M (Fig. 3a). Importantly, the E3 
ligase dependence upon degradation was confirmed using a 
VHL-non-binding enantiomeric control, which after inverting 
the three stereocentres is unable to recruit the VHL ligase18 and, 
as expected, afforded no degradation of IRAK4 (Fig. 3b). The 
other five PROTACs tested (compounds 2, 4-7) had no effect 
on cellular IRAK4 levels (see supplementary Information: Fig. 
S1). The PEG linked VHL PROTAC (compound 2) is less 
lipophilic than the carbon analogue (compound 3), which may 
suggest that poor permeability was the reason for the lack of 
degradation observed with this molecule. For the CRBN and 
IAP PROTACs, there are many potential reasons why these 
were not found to degrade IRAK4. For example, the linker may 
be the wrong length to facilitate efficient ternary complex 
formation. The orientation of the protein-CRBN / IAP E3 ligase 
ternary complex may also not be able to promote efficient 
ubiquitin transfer onto an IRAK4 surface lysine residue. 
Finally, even though these compounds may bind to the protein, 
this does not always translate into degradation, as has been 
observed previously in promiscuous kinase PROTAC 
experiments with both VHL and CRBN E3 ligase binders.14
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Figure 2: Approach to IRAK4 PROTACs. a) Linking VHL, CRBN and IAP E3 ligase ligands to simplified IRAK4 ligand through either a 
carbon or PEG chain to generate IRAK4 PROTACs. b) Table comprising PROTAC binding affinity and lipophilicity as determined by 
Chrom LogD. nt = not tested, D max = maximum degradation observed.

Compound X E3 Ligase IRAK4 IC50 (nM) IRAK1 IC50 (nM) ChromLogD7.4 D max
1 - - 2.1 > 10,000 2.1
2 O VHL 0.29 > 10,000 3.18 0%
3 C VHL 0.099 > 10,000 5.82 50% at 3 M
4 O CRBN nt nt nt 0%
5 C CRBN 2.5 > 10,000 6.01 0%
6 O IAP 0.022 > 10,000 3.79 0%
7 C IAP 21 6943 6.56 0%
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Figure 3: IRAK4 degradation induced by IRAK4-VHL PROTAC. 
Representative image of western blotting analysis of PBMC cells 
treated with increasing amounts of compound 3 (a) and the VHL 
non-binding enantiomeric control, compound 3-ve (b) over 24 
hours treatment. 

Subsequently, shorter four and six carbon atom linkers to VHL 
were evaluated (see supplementary information: Fig. S2). 
However, these compounds did not afford IRAK4 degradation, 
presumably as a result of being too short to form a stable ternary 
complex between IRAK4 and VHL proteins. 

We hypothesised that a more potent IRAK4 binder could be 
used to achieve greater levels of degradation for the next 
iteration of PROTAC design.15 Through a previously reported 
synthesis,19 we attached the fully functionalised fluoro / ethyl 
lactam present in PF-06650833 onto the IRAK4 PROTAC 
warhead to prepare compound 8 (Fig. 4a).  This compound 
afforded more potent IRAK4 degradation compared to 3 as 
observed by Western blot, with a DC50 in PBMC cells of 259 
nM (Fig. 4b and Fig. S3). Following a short optimisation effort 
focussing on polarity and flexibility, we modified the 12-atom 
carbon linker to the VHL E3 ligase binder to a more rigid, polar 
spirocyclic pyrimidine. Pleasingly, compound 9 demonstrated 
increased potency with a DC50 of 151 nM in PBMC cells in 
addition to lower in vitro clearance in human and rat liver 
microsomes (Fig. 4a-b). As previously shown (Fig. 3), no 
IRAK4 degradation was observed when cells were treated with 
a VHL-non-binding enantiomeric control (9-ve)18 (Fig. S4b). In 
addition, based on the kinome selectivity profile of the IRAK4 
ligand,10 the extent of degradation of IRAK1 and LRRK2 was 
measured with compound 9. Our data shows that similar effects 
were observed with both the ligand and compound 9, supporting 
literature evidence that ligand binding does not necessarily 
translate into degradation14  (Fig. S4c-d).

To confirm that IRAK4 degradation was proteasome 
dependent, PBMCs were pre-treated with epoxomicin before 
compound addition. Figure 4c shows that IRAK4 levels are 
unchanged vs. DMSO treated cells, suggesting that IRAK4 
PROTAC-mediated degradation is occurring in a proteasome 
dependent manner.13 Inhibition of the proteasome by 
epoxomicin is confirmed by the accumulation of p21 protein 
levels. 

Next, we sought to investigate the IRAK4 potential kinase 
independent role in TLR mediated signalling.  For this purpose, 
the IRAK4 ligand (PF-06650833), the tool IRAK4 PROTAC 
(compound 9) and the inactive control (compound 9-ve) were 
monitored for cytokine inhibition upon TLR7/8 stimulation in 
PBMCs. All compounds were capable of completely blocking 
IL-6 secretion (Fig. 5a) as well as a wider panel of cytokines 
(Fig. 5b). PF-06650833 exhibited the highest potency (Fig. 5a-
b), consistent with its higher binding potency, indicating that 
there was no additional potency benefit achieved through 
IRAK4 PROTAC mediated degradation over kinase inhibition.
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optimisation of IRAK4 warhead and linker to identify compound 9 
b) Comparison of compound properties between compound 8 and 
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Figure 5: IRAK4 phenotypic signalling.  a - b) PBMCs were pre-treated for 18 hours with PF-06650833, compound 9 or compound 
9-ve followed by 8 hours stimulation with R848 (2.5 µg/ml), cytokine levels were determined using MSD technology. c) Western 
blotting of dermal fibroblast treated with compound 9 for 24 hours; d) Secreted IL-6 levels from dermal fibroblast following 18 hours 
pre-treatment with 300 nM of each compound followed by 8 hours stimulation with IL-1β (10 ng/ml). n=4 ± SE.

Finally, we sought to investigate whether our PROTAC could 
replicate the reported findings that IRAK4 non-kinase functions 
were critical for cytokine secretion in human dermal 
fibroblasts.7 Firstly, we determined that compound 9 was able 
to induce a reduction of IRAK4 protein levels with a DC50 = 36 
nM in this cell type (Fig. 5c). Compound 9, compound 9-ve and 
PF-06650833 were then added to dermal fibroblasts followed 
by IL-1β stimulation. However, we did not observe any 
inhibition of IL-6 secretion upon PROTAC treatment (Fig. 5d). 
This result contrasts with previous reports that showed that IL-
6 levels were completely abrogated in IRAK4 deficient dermal 
fibroblasts.7 A plausible explanation could be related to the 
origin of the fibroblast cells tested, as different donors may 
respond differently to similar stimulation. Additionally, since 
IRAK4-null fibroblasts never expressed IRAK4, we could 
hypothesise that signalling patterns such as MyD88 and IRAK1 
or its downstream pathways such as NF- and MAPK are not 
responsive to IL-1R signalling in these cells, whereas 
temporary removal of IRAK4 protein by a PROTAC isn’t 
sufficient to attenuate this pathway. There is also the possibility 
that the remaining portion of IRAK4 in the cell that isn’t 
degraded by a PROTAC is sufficient to drive IL-1R responses.   

In summary, we report a small molecule PROTAC approach 
achieving potent intracellular degradation of the kinase IRAK4.  
The PROTAC-induced IRAK4 degradation is dependent on 
binding to VHL, and is reversed upon blocking proteasome 
activity. However, compound 9 was not found to possess a 
differentiated pharmacological profile over PF-06650833 in a 
phenotypic assay measuring a variety of inflammatory 
cytokines (Fig. 5b). In addition, the IRAK4 knockout 
phenotype reported with dermal fibroblasts could not be 
reproduced with compound 9 (Fig. 5d). Therefore, more work 
is required to understand the biology of this target. It is clear 
however, that development of new modalities such as 
PROTACs to target IRAK4 may not only support the 
understanding of IRAK4 biology but could also lead to the 
development of new therapeutic agents to treat inflammatory 
and oncological disease.
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General experimental information; full synthetic procedures 
and characterisation data for all new compounds; NMR and  
LC-MS data. Experimental procedures for cell culture, PBMC

isolation from blood, degradation assay, Western blotting and 
cytokine analysis.

All animal studies were ethically reviewed and carried out in 
accordance with Animals (Scientific Procedures) Act 1986 and 
the GSK Policy on the Care, Welfare and Treatment of 
Animals.
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